We investigated the effect of annealing in a hydrogen atmosphere on carbon nanocap formation during decomposition of a 6H-SiC(000-1) surface. It was determined that native oxides were reduced to below the detection limit of X-ray photoelectron spectroscopy after 30 min of annealing at 1200 C in a hydrogen atomosphere at 10 −3 Pa. In addition, we found that the homogeneity of carbon nanocap size was improved on the SiC surface, compared with a sample annealed in ultra-high vacuum. This technique will be useful in the fabrication of homogeneous carbon nanotube layers by surface decomposition of SiC.
INTRODUCTION
Carbon nanotubes (CNTs) are a very promising material for the fabrication of nanoelectronic devices. 1 The electronic property of a CNT is strongly related to its structure properties such as diameter, chirality, and the number of walls. 2 However, although a number of CNT growth techniques have been proposed to date, chirality control has never been achieved. In the present study, we focus on CNT growth by surface decomposition of SiC. This approach was first reported by Kusunoki et al., 3 4 and it can be employed to selectively produce aligned zigzag-type CNTs by simply heating to a sufficiently high temperature in a vacuum furnace. Although this method has several advantages, especially with respect to chirality alignment, the homogeneity of the resulting CNT structure (including diameter and the number of walls) is not adequate. In previous papers, Kusunoki et al. reported that the diameters they obtained were distributed in the range 2-5 nm, and that the number of walls was in the range 1-7. 5 6 In previous studies, we investigated the formation process of CNTs during surface decomposition of SiC by transmission electron microscopy (TEM), scanning tunneling microscopy (STM), and X-ray photoelectron spectroscopy (XPS). We also proposed a model for the formation process of the carbon nanocaps that are formed at the initial stage of CNT growth. 7 8 By this study, we found * Author to whom correspondence should be addressed.
that the diameters of the carbon nanocaps are maintained during CNT growth, indicating that the homogeneity of the CNT diameters can be improved by forming carbon nanocaps with a uniform size. By observing carbon nanocap formation, we found that some types of silicon carbo-oxides, (e.g., Si x C y O z ), remained on the SiC surface, even after the carbon nanocap had been formed at around 1200 C. 9 This occurs because the sublimation temperature of Si x C y O z oxides is higher than 1200 C. In addition, there is a possibility that residual oxides can be detrimental to the size homogeneity of the carbon nanocaps that are formed. This can occur because the oxides should prevent desorption of Si atoms that obstruct simultaneous carbon nanocap formation. Therefore, reducing residual oxides on the surface during the formation of carbon nanocaps may be an effective approach to improving their size homogeneity.
Although numerous methods have been reported for reducing residual oxides on SiC surfaces, 10-12 most of these methods were for SiC Si-faces (e.g., 6H-SiC(0001)) because of epitaxial growth use in chemical vapor deposition. In contrast, only a few attempts have been reported for SiC carbon faces. [13] [14] [15] Hoster et al. and Hoshino et al. performed surface cleaning of 6H-SiC(000-1) using a combination of HF or RCA etching and Si predeposition before heating at 900-1300 C. Seyller obtained XPS spectra with a negligible O 1s peak for 6H-SiC(000-1) after annealing at 1000 C in a hydrogen atmosphere at 10 5 Pa. In this study, we investigated the effect of annealing in a hydrogen atmosphere at a pressure much less than atmospheric pressure on the reduction of native oxides on a 6H-SiC(000-1) surface. We found that native oxides on a 6H-SiC(000-1) surface could be reduced drastically to less than the detection limit of an XPS analysis only by annealing SiC at 1200 C in a hydrogen atmosphere at 10 −3 Pa. In addition, we demonstrated the fabrication of a comparatively homogeneous carbon nanocap layer on the SiC surface using this procedure.
EXPERIMENTAL DETAILS
Commercial single-crystal wafers of 6H-SiC(000-1) (CREE Research, Inc.) cut into 3 0 × 7 0 × 0 2 mm bars were dipped into a 40% hydrofluoric acid (HF) solution for 15 min to removed surface oxides. After rinsing by deionized water, the samples were placed in an ultrahigh vacuum (UHV) chamber (<1 × 10 −7 Pa). High-purity hydrogen gas of 6 N (99.9999%) was then introduced into the UHV chamber and the samples were gradually heated at 0.1 C /min to 1000, 1200 or 1250 C, and left for 30 min at each temperature. The H 2 pressure was maintained at 10 −2 , 10 −3 or 10 −4 Pa during heating. We also annealed the samples in the UHV and in an oxygen atmosphere at 10 −2 Pa, for comparison. During heating in the UHV, the chamber pressure was maintained below 1 × 10 −6 Pa. After annealing, the samples were exposed to air, and transferred into an XPS system (VG ESCALAB 220i-XL) within 1 h in order to characterize the surface composition. XPS spectra were measured using Mg K (1253.6 eV) as a radiation source. After heating, we also performed STM to characterize some of the samples. These observations were performed in an STM chamber (JEOL JSPM-4500), which was connected via a vacuum valve. All XPS measurements and STM observations were performed at room temperature. Figure 1 shows three XPS survey spectra for samples annealed at 1250 C for 30 min in (a) a hydrogen atmosphere, (b) a UHV chamber, and (c) an oxygen atmosphere. The pressure of both the oxygen and hydrogen atmospheres was 1 × 10 −2 Pa. The take-off angle with respect to the sample surface was set as 20 , and the peak intensities were normalized with respect to the C 1s peak. We observed peaks corresponding to Si 2p, Si 2s and C 1s in all spectra, as expected. Compared with the spectrum obtained before annealing (see below), the peak intensity ratios of the Si 2p and 2s peaks to the C 1s peak were reduced drastically for all samples. This indicates that desorption of Si atoms proceeded with the decomposition of the SiC surface at this temperature. The intensity ratios of C 1s and O 1s peaks to Si 2p peaks in the spectra of Figure 1 are summarized in Table I . Among these spectra, the C 1s:Si 2p peak intensity ratio was the largest for the sample annealed in an oxygen atmosphere. This confirmed that oxygen gas enhances the decomposition of the SiC surface, as we reported in a previous paper. 9 It should be noted that the O 1s peak intensity became negligible only after annealing in a hydrogen atmosphere. Previous studies revealed that native oxides still remain on the SiC(000-1) surface even after HF treatment. Also, taking into account that the O 1s peak was still observed even after annealing in the UHV, considerable reduction of O 1s peak intensity indicates that annealing in a hydrogen atmosphere effectively removes the native oxides of SiC. Compared with the sample annealed in the UHV, the peak intensity ratio of C 1s:Si 2p was slightly weaker for the sample annealed in a hydrogen atmosphere. However, we cannot conclude that a hydrogen atmosphere suppresses desorption of Si atoms from a SiC surface because it is difficult to estimate the ratio of carbon atoms to Si atoms on the SiC surface accurately. This difficulty is due to the presence of the O 1s peak after annealing in a UHV. In a previous paper, Zhang et al. annealed 6H-SiC in a hydrogen atmosphere at 1600 C and reported that single-walled carbon nanotubes were likely to form. 16 They observed that carbon atoms can react with hydrogen to form CH x , which easily vaporizes. In spite of their presumption, obvious desorption of C atoms was not confirmed. This may be either due to the observation that the desorption rate of the Si atom is larger than that of the C atom at this temperature or that the annealing temperature was too low for such a reaction to proceed. Table I . Relative intensities of C 1s and O 1s peaks in the spectra shown in Figure 1 , as calibrated relative to Si 2p peak.
RESULTS AND DISCUSSION

C 1s
Si 2p O 1s Figure 2 shows a C 1s XPS spectrum after annealing at 1250 C for 30 min in a hydrogen atmosphere. The spectrum was deconvoluted into a set of Gaussian peaks after implementing background subtraction that accounted for previous XPS spectra of SiC. 17 It should be noted that except for a peak derived from adsorbed CO molecules, the spectrum consists of only a SiC-component at 282.7 eV and carbon sp 2 hybridization bonding at 284.3 eV. In addition, no Si x C y O z related oxides components were observed. Si 2p spectra for the samples in Figure 1 are also shown in Figure 3 . The spectra were deconvoluted into SiC, Si x C y O z and SiO 2 components after background subtractions based on previous spectra. 17 Each component consists of two peaks derived from spin-orbit splitting. It should be noted that only SiC component was observed after annealing in a hydrogen atmosphere, whereas there were peaks corresponding to both SiC and Si x C y O z components after annealing in a UHV and in an oxygen ambient. SiO 2 components were also observed after annealing in the latter conditions, but the intensities were very weak. This is due to both an oxygen pressure that was too low and annealing temperature that was too high to form SiO 2 on SiC, as we have already reported. 9 Previous papers reported that Si x C y O z native oxides were present on a 6H-SiC(000-1) surface even after HF treatments. 18 Our XPS result therefore confirms removal of residual Si x C y O z oxides by annealing in a hydrogen atmosphere.
RESEARCH ARTICLE
In order to investigate the effect of pressure on the reduction of surface oxide, SiC(000-1) substrates were annealed at 1250 C for 30 min in a hydrogen atmosphere at various pressures. The results are shown in Figure 4 , and the intensity ratio of C 1s and O 1s peaks to Si 2p peaks in the spectra of Figure 4 are summarized in Table II . All spectra were obtained using a take-off angle normal to the sample surface. As a result, the C 1s/Si 2p and C 1s/Si 2s peak intensities were reduced compared with the spectrum shown in Figure 1 for the samples annealed at 10 −2 and 10 −3 Pa, whereas the O 1s peak was clearly observed for the sample annealed at 10 −4 Pa. This result indicates that a hydrogen atmosphere with at least 10 −3 Pa is necessary to remove residual surface oxides at this temperature. Figure 5 shows the XPS survey spectra for SiC(000-1) substrates before and after annealing at 1000 and 1200 C in a hydrogen atmosphere under 10 −2 Pa. All spectra were measured with a take-off angle normal to the sample surface. Before annealing, SiC related peaks, such as the Si 2p and C 1s peaks are observed at approximately 102 and 284 eV, respectively, in addition to the O 1s peak at approximately 531 eV, which is related to native oxides. Moreover, fluorine-related peaks were observed at approximately 686 and 600 eV. The positioning of these peaks corresponds to F 1s and KLL Auger peaks, respectively. These fluorine-related peaks are associated with residual HF etchant, although the substrates were rinsed with deionized water before annealing. After annealing at 1000 C, Si 2p and Si 2s relative peak intensities were considerably reduced (compared with the C 1s peak), whereas the O 1s peak remained. This suggests that native oxides were not removed at this temperature, although some Si atoms desorbed. In contrast, the O 1s peak intensity was reduced drastically after annealing at 1200 C, indicating that it is necessary to anneal at temperature of at least 1200 C, to remove native oxides from a SiC surface in a hydrogen atmosphere. Seyller reported that native oxides on 6H-SiC(000-1) were reduced drastically by rapid thermal annealing at 1000 C in a hydrogen atmosphere of 10 5 Pa. Our result indicates that removal of native oxides on 6H-SiC(000-1) can be attained only by annealing in a hydrogen atmosphere at a far lower pressure. This process will be useful for pretreatments in any UHV processes, where clean SiC(000-1) substrates are necessary.
In order to investigate the effect of removal of residual Si x C y O z oxides on carbon nanocap formation, we performed STM observations for the SiC(000-1) substrates annealed at 1200 C for 30 min in the UHV and a hydrogen atmosphere of 10 −2 Pa. The resulting STM images are shown in Figure 6 . These images reveal that convexities corresponding to carbon nanocaps were observed over the entire surface, independent of the annealing Table II . Relative intensities of C 1s and O 1s peaks in the spectra shown in Figure 4 , as calibrated relative to Si 2p peak.
C 1s
Si 2p O 1s conditions. We have already reported that, irrespective of ambient pressure, carbon nanocaps were formed in the range of 1150-1200 C, when oxygen pressure is less than 10 −2 Pa. 9 Therefore, it is reasonable to observe carbon nanocaps at this temperature. On the sample surface annealed in a UHV, the resulting carbon nanocaps were mainly in the diameter range of 1-3 nm, but nanocaps of more than 4 nm were also observed, as shown in Figure 6 (a). There were also some areas where no carbon nanocaps were formed. On the other hand, carbon nanocaps whose diameters were mainly distributed between 3 and 4 nm, were formed on the SiC surface annealed in a hydrogen atmosphere, as shown in Figure 6 (b). The change in the diameter distribution is summarized in Figure 7 , which shows histograms of carbon nanocap diameter after annealing at 1200 C in a UHV and that after annealing in a hydrogen atmosphere of 10 −2 Pa. They confirm that the distribution of carbon nanocap diameter after annealing in the hydrogen atmosphere was narrower than that found in the UHV. This result demonstrates that an improvement in the homogeneity of carbon nanocaps can be attained by reducing the native oxide from the SiC(000-1) surface.
The mechanism of improving the size homogeneity of carbon nanocaps is currently under investigation. Our XPS results indicate that native Si x C y O z oxide on 6H-SiC(000-1) was drastically reduced to the detection limit by annealing at 1200 C in a hydrogen atmosphere, although most of the oxides remained after annealing at 1000 C. On the other hand, desorption of Si atoms occurs above 1000 C and an amorphous carbon layer is formed at 1100 C. 8 This suggests that the sublimation of native oxides was accompanied by both Si desorption and carbon nanocap formation in a hydrogen atmosphere. Therefore, it is difficult to accurately determine the amount of native oxide during carbon nanocap formation. In spite of this uncertainty, if native oxides remain on the surface, carbon nanocap formation should be suppressed in the area covered with the oxides, as shown in Figure 8(a) . Such a localized suppression will induce an inhomogeneous distribution of an amorphous carbon layer, which, in turn, will have a deleterious effect on the size uniformity of the resulting carbon nanocaps. This result follows from our previous investigation indicating that the carbon nanocaps were made of the amorphous carbon layer. 8 On the other hand, if there is no native oxide on the surface, simultaneous desorption of Si atoms would occur and a homogeneous distribution of amorphous carbon layer would be formed. This process would produce carbon nanocaps with a uniform size, as shown in Figure 8(b) . Therefore, we believe that the reduction of native oxides during carbon nanocap formation is an effective method that can be used to improve the size homogeneity of carbon nanocaps. As we have reported, the diameter of CNTs grown by this method is determined by the size of the carbon nanocaps. 7 As a result, the reduction of native oxides by annealing in a hydrogen atmosphere should be an effective way of obtaining CNTs with uniform diameters. We also note that one of the significant advantages of CNTs grown by surface decomposition of SiC is their chirality property. It therefore follows that this treatment will be extremely useful in the production of CNT devices.
SUMMARY
The effect of a hydrogen atmosphere on removal of native oxides on 6H-SiC(000-1) surfaces during annealing at far less than atmospheric pressure was investigated. Even after annealing 6H-SiC substrates at 1200 C in a hydrogen atmosphere of 10 −3 Pa, native Si x C y O z oxides were drastically reduced and the O 1s XPS peak intensity was below the detection limit. In addition, carbon nanocaps with uniform diameters were formed after this treatment. This technique will be useful in the fabrication of aligned CNTs with uniform diameter and chirality.
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